Abstract | Brain-computer interfaces (BCIs) use brain activity to control external devices, thereby enabling severely disabled patients to interact with the environment. A variety of invasive and noninvasive techniques for controlling BCIs have been explored, most notably EEG, and more recently, near-infrared spectroscopy. Assistive BCIs are designed to enable paralyzed patients to communicate or control external robotic devices, such as prosthetics; rehabilitative BCIs are designed to facilitate recovery of neural function. In this Review, we provide an overview of the development of BCIs and the current technology available before discussing experimental and clinical studies of BCIs. We first consider the use of BCIs for communication in patients who are paralyzed, particularly those with locked-in syndrome or complete locked-in syndrome as a result of amyotrophic lateral sclerosis. We then discuss the use of BCIs for motor rehabilitation after severe stroke and spinal cord injury. We also describe the possible neurophysiological and learning mechanisms that underlie the clinical efficacy of BCIs.
Philosophers throughout history have contemplated whether the brain can be used to interact directly with the external world without the mediation of the peripheral somatomotor nervous system. Such control of external devices could not be considered without the technology to acquire brain signals and translate them into commands. In 1929, however, Hans Berger made a decisive breakthrough with the development of EEG to enable the noninvasive recording of neuroelectrical signals from the human brain. The subsequent advent of fast computing, real-time analysis systems and expanding knowledge of brain function have laid the foundation for realizing the dream of controlling external devices directly with brain signals. During the past two decades, experimental research into such brain-computer-interfaces (BCIs) has expanded rapidly, with promising results in healthy people but few controlled clinical outcome studies.
In this Review, we discuss the different kinds of BCIs that have been developed and tested to date in patients with severe paralysis. In particular, we will discuss assistive BCIs for communication in paralysis, with a focus on patients who are disabled as a result of amyotrophic lateral sclerosis (ALS), and rehabilitative BCIs for the restoration of movement, particularly in patients with chronic stroke.
History of BCIs
The first attempt to control brain signals on a neurophysiological basis was reported in 1968. Wyrwicka and Sterman recorded sensorimotor rhythms (also known as rolandic α rhythms or μ rhythms) in cats 1 and translated these sensorimotor rhythms into sensory feedback that was used to reward the animals and increase their generation of sensorimotor rhythms. At approximately the same time, research was being conducted into a technique for regulation of brain activity in humans, which came to be known as neurofeedback; the first scientific report of volitional control of human brain oscillation was published by Kamiya in 1969 (REF. 2 ). Kamiya and colleagues showed that healthy individuals could quickly learn to change the alpha waves in their brain (recorded with EEG) if they were given continuous sensory feedback, such as a rising and falling tone, that was derived from their brain activity. Also in 1969, Fetz demonstrated that operant conditioning could be used to control the firing of single cortical neurons in monkeys 3 . These findings triggered extensive research into the link between brain physiology and behaviour with instrumental learning, and laid the foundations for the development of most current BCIs. The term 'braincomputer interface' was first proposed by Jacques Vidal in 1973, when he presented a system that could translate EEG signals into computer control signals 4 . Interest in the field of BCIs was sparked by further experiments by Sterman and colleagues. They serendipitously found that instrumental training of sensorimotor rhythms in cats increased seizure thresholds 5 ; subsequent controlled, single-case studies showed that similar techniques in humans with epilepsy led to a 1 
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A type of learning in which the strength of a behaviour or a physiological response is modified by its consequences (reward or punishment).
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significant reduction in grand-mal seizures 6 . These findings formed the basis of clinical trials to evaluate the potential of neurofeedback training in the treatment of various disorders. The most promising were treatment studies of children with attention deficithyperactivity disorder 7 and intractable seizures 8 . Just a few years after Sterman's studies, however, the entire field of neurofeedback-related behavioural effects fell into disrepute, as many premature claims made on the basis of successes in single patients could not be validated in larger, controlled trials.
During the past 20 years, research into BCIs has been rekindled and fuelled by microelectrode, single-neuron recordings in rodents 9 and nonhuman primates [10] [11] [12] [13] [14] [15] . In these experiments, animals learned to use their own brain activity to control movement of computer cursors 13, 16 or robotic arms 9, 15, 17 . Similar single-neuron recording approaches were later tested in humans with tetraplegia 18, 19 . Despite the earlier setbacks with neurofeedback experiments, several studies provided evidence for instrumental conditioning of brain activity with effects on neuronal functions and some brain pathologies [20] [21] [22] [23] , and formed the basis for current work in the field of BCIs.
Types of BCI
At the beginning of 21st century, progress in BCI research was rapid. This progress has been driven by an increase in the number of available techniques to record different brain signals. BCIs can be classified as invasive or noninvasive (FIG. 1) , and these two general types enable detection of different types of brain signal.
The general principles of all BCIs are similar. The brain signals that are detected are amplified, filtered and decoded using online classification algorithms. The brain signals are classified according to relevant characteristics (for example, sensorimotor rhythms over the motor cortex), filtered and smoothed before being fed back to users as a reward, thereby increasing the probability that they will reproduce the rewarded brain response. After processing and decoding of the brain signals, the output of the BCI can be used to control movement of a prosthesis, orthosis, wheelchair, robot or cursor [24] [25] [26] , or to direct electrical stimulation of muscles or the brain 27 . The brain response can also be fed back as visual 18, 28 , auditory 29, 30 or haptic stimuli that vary in relation to the measured brain activity 31, 32 .
Invasive BCIs
Use of invasive BCIs involves surgical implantation of electrodes or multi-electrode grids 10, 18, 19 . Invasive BCIs measure activity patterns of neurons, which encode behaviourally relevant information. Five main types of brain activity are measured with invasive BCIs: local field potentials (LFPs) [33] [34] [35] , single-unit activity (SUA) 9, 13, 17, [36] [37] [38] [39] , multi-unit activity (MUA) 33 , electrocorticographic oscillations recorded from electrodes on the cortical surface (electrocorticography, ECoG) 40, 41 , and calcium channel permeability 42 .
Noninvasive BCIs
Noninvasive BCIs require no surgical implantation, and enable recording of brain signals from the external surface of the scalp. These interfaces can detect seven types of brain signal, described below.
Slow cortical potentials. Slow cortical potentials are measures of cortical polarization recorded with direct current amplifiers from any location on the scalppreferably a frontocentral region -over 0.5-10.0 s. Voltage changes can be positive or negative; negative shifts indicate cortical preparation (an increase in excitation of underlying neuronal tissue) and positive shifts indicate decreased preparation and decreased activation 43, 44 . Users of BCIs that measure slow cortical potentials learn to select on-screen options by controlling slow cortical potential amplitudes to move a cursor and select letters 45 . Sensorimotor rhythms. Sensorimotor rhythms are sinusoidal frequencies in the alpha range (8-13 Hz) that can be detected at the somatosensory and motor cortical regions. Sensorimotor rhythms decrease in amplitude with movement, preparation for movement or motor imagery 46 . Users of BCIs that measure sensori motor rhythms learn to select on-screen options by controlling sensorimotor rhythms to move a cursor and select letters 47, 48 . P300 event-related potential. The P300 evoked brain potential occurs ~300 ms after a new, surprising stimulus and can be recorded with EEG. The signal has a positive electrical polarity, and increases in amplitude when greater attention is given to the particular stimulus. Experiments in which the P300 event-related potential (ERP) is monitored are based on a paradigm introduced in 1988 (REF. 49 ) that is the most commonly used BCI spelling application [50] [51] [52] [53] [54] . Patients select a letter from a matrix in which each letter is transiently illuminated at random. The user concentrates on their desired letter, and when it becomes illuminated, a P300 ERP is elicited that triggers selection of the letter 53 . 55, 56 . This type of BCI depends on attentional capacity and vision to be intact, and both are often compromised in patients with advanced and severe neurological disease.
Error-related negative evoked potentials. An errorrelated negative evoked brain potential (ERNP) occurs 200-250 ms after the detection of an erroneous response in a continuous stimulus-response sequence. BCIs that detect ERNPs enable users to identify cursor movements outside a defined visual field or to detect an error in a sequence of target stimuli 57 . Usually, the observer listens to a sequence of letters, and a P300 event-related potential is evoked if the intended target letter appears; if a letter other than the target letter is presented, an ERNP occurs and the BCI suppresses the reward stimu lus that would usually follow detection of the target letter.
Blood oxygenation level. Blood oxygen level-dependent (BOLD) functional MRI can be used to detect changes in metabolic activity within the brain, which are thought to reflect changes in neural activity 58 . fMRI has also been explored for the development of BCIs [59] [60] [61] [62] [63] . In some studies, patients with neuropsychiatric disorders [64] [65] [66] have been successfully trained in an instrumental learning task that enables control of the BOLD signal. In one study, neurofeedback training to increase the BOLD response of the anterior insula (which responds to peripheral signals of aversive emotions such as fear) led people to subsequently rate negative emotional slides as more negative than before training 65 . Detection of BOLD signals that result from specific mental imagery has also been used in healthy participants to enable selection of all letters of the alphabet 62 . Cerebral oxygenation changes. Changes in cerebral oxygenation can be detected in healthy and neurologically impaired adults and children by using noninvasive or invasive near-infrared spectroscopy (NIRS) [67] [68] [69] . An NIRS-based BCI, unlike one based on fMRI, can be easily applied at the bedside of patients who have severe impairments and who are difficult to move, but are in serious need of a communication route 70, 71 .
Clinical classification of BCIs
BCIs can be classified as assistive or rehabilitative according to their clinical application (FIG. 1) . Assistive BCI systems aim to substitute lost functions, such as communication or motor function [24] [25] [26] 72, 73 , enable control of robotic devices, or provide functional electrical stimulation 27 to assist with daily life. By contrast, rehabilitative BCI systems (also known as restorative or neurofeedback-based BCI systems), aim to facilitate the restoration of brain function and/or behaviour by manipulation or self-regulation of neurophysiological activity 73, 74 . In the remainder of the Review, we first consider the use of assistive BCIs for communication in patients who are paralyzed, with a focus on those who have locked-in syndrome or complete locked-in syndrome (CLIS) as a result of ALS. We then discuss the application of rehabilitative BCIs for functional recovery in patients with stroke, before reviewing the uses of BCIs for assistance with movement.
BCIs for communication
The primary clinical populations of the BCIs described below are patients with extensive impairments in communication and motor function as a result of amyotrophic lateral sclerosis (ALS) or severe CNS damage, such as stroke or spinal cord injury. To date, the application of BCIs for communication in paralysis has largely focused on patients with ALS. ALS is a progressive motor neuron disease that leads to complete destruction of the peripheral and central motor system but affects sensory and cognitive functions to a relatively minor degree 75 . No treatment is available, and patients who do not accept permanent ventilation die from respiratory or respiratory-related complications. With ventilation, disease progression leads to complete loss of muscular responses; the last remaining muscular control is usually that of the eye muscle. Patients with complete paralysis except for vertical eye movement and blinking but preserved consciousness are classified as having locked-in syndrome 76 . Total immobility and loss of eye movements with preserved awareness and cognition means a patient has CLIS 76 . People with ALS eventually become unable to speak at all 77 and consequently benefit from systems that enable them to communicate. Patients with several remaining functional motor channels can benefit from assistive communication that uses a range of augmentative and alternative communication (AAC) strategies, such as eye trackers with speech-generating devices 78 . However, AAC strategies do not work for patients with locked-in syndrome or CLIS owing to the loss of all motor channels, so the patients are unable to communicate. Invasive and noninvasive BCIs have been used in attempts to address communication in locked-in syndrome and CLIS 74, 79 . In general, BCI-based communication involves generation of brain signals by the patient to control alphanumeric grids, cursors, and/or web browsing tools to formulate sentences and express feelings, thoughts and desires.
Invasive BCIs for communication
Invasive BCIs were first implanted into the brains of patients with ALS in 1989 (REF. 80); the patients were at different stages of disease, but none had locked-in syndrome or CLIS 81, 82 . In these experiments, electrodes filled with a neurotrophic factor were implanted into the brains of patients, who subsequently learned to control an on-screen cursor by modulating the firing patterns of axons that had grown into the electrode.
More recent studies have demonstrated improvements in invasive approaches. In 2006, implantation of 100 microelectrodes in the motor cortex of two patients with tetraplegia markedly improved BCI performance, and the patients learned to use the neural interface system to move a computer cursor 18 or a hand robot in all desired directions, a task that is difficult or impossible with a noninvasive EEG BCI or functional near infrared spectroscopy BCI. A study published in 2015 (REF. 24) demonstrated that an invasive neural prosthesis enabled two patients with ALS to control a cursor to type words freely at a speed of up to 115 words in <19 min. Neither patient, however, had locked-in syndrome or CLIS.
Attempts at using invasive BCIs for communication in patients with CLIS have not been successful. For example, implantation of electrocorticography electrodes at the cortical surface of two patients with CLIS as a result of ALS has not produced positive outcomes 83, 84 . Patients were trained to select letters or yes-no responses by using cortical oscillations and ERPs, but this system did not enable meaningful communication 74, 84, 85 . Some possible reasons for the failure have been proposed (see Shortfalls in CLIS, below), but the explanation remains unclear. Regardless, a few case reports of invasive BCIs in patients with ALS are insufficient to support any solid conclusions about the efficacy of the invasive approach in CLIS. In order to determine the most effective type of BCI in this context, more patients with CLIS need to be trained to use the systems that have been developed, and invasive and noninvasive BCIs need to be compared.
Noninvasive BCIs for communication
The first clinically relevant application of a noninvasive BCI for communication in patients with locked-in syndrome as a result of ALS was reported in 1999 (REF. 72 ). Since then, several kinds of EEG-based BCIs for communication in patients with locked-in syndrome have been developed and tested.
Slow cortical potential BCIs. In the first successful use of noninvasive BCIs for communication in locked-in syndrome 72 , patients were able to communicate by controlling slow cortical potentials to select letters on a computer screen. Subsequent studies have shown that
Contingency
Contingency is an associative connection between stimuli or responses that are usually paired within a short time period of milliseconds to seconds.
Classical conditioning
Classical conditioning, also called Pavlovian conditioning, is a learning process in which two stimuli are repeatedly paired until one elicits a reflexive behavioural or physiological response that relates to the other.
slow cortical potentials can be used to control external devices 46, 45, 72, 86 , leading to the conclusion that slow cortical potential-based BCIs can provide basic communication capabilities in locked-in syndrome. However, attempts to use this approach for some patients with CLIS have not successfully established communication.
Sensorimotor rhythm BCIs.
BCIs that make use of sensorimotor rhythms have been developed 48 , and used with some success. For example, in a study published in 2004 (REF. 87 ), patients with locked-in syndrome or high spinal cord lesions were able to use sensorimotor rhythms to control cursor movements or select letters or words from a computer menu 47, 88 . P300 BCIs. The majority of patients with locked-in syndrome as a result of ALS who have functioning vision and eye control are able to learn brain self-regulation, or to 'create' a P300 ERP, with the potential to control a BCI. One case study has shown that spelling is possible for patients with advanced ALS when they use a BCI controlled by P300 ERPs over >2.5 years 54 . The patient had locked-in syndrome, but retained some muscular responses (eye movements), and the approach has not been tested in patients with CLIS.
Shortfalls in CLIS
The patients with locked-in syndrome who participated in the above studies of noninvasive EEG-based BCIs never transitioned to CLIS. Use of the same BCIs in patients with CLIS has been completely unsuccessful 89 . One study published in 2008 (REF. 86) showed that patients with CLIS do not achieve sufficient control of their brain signals to enable communication with the use of EEG signals. Specific cognitive problems and abnormal neuro physiological signatures of particular neuro electrical processes might be, at least in part, responsible for the failure in CLIS. Kübler and Birbaumer 86 speculated that extinction of goal-directed thinking that occurs in CLIS might prohibit instrumental learning that is required for communication via BCIs. Whether or not communication via BCIs is even possible for patients with CLIS, therefore, remained unclear until recently. One study has shown that ERPs in response to auditory and proprioceptive stimuli are intact in patients with CLIS 84 , indicating that communication via BCIs should be possible by harnessing these EEG signatures, although these findings were case reports and might not be applicable to all patients with CLIS. The predominantly negative results to date, however, show that we need a better understanding of the underlying neurophysio logical mechanisms of BCI learning, particularly in paralyzed patients, and raise the possibility that an alternative learning paradigm or use of other neuro imaging techniques might be necessary for patients with CLIS.
Towards BCIs for complete locked-in syndrome
Birbaumer et al. 90 speculated that "loss of the contingency" between a voluntary response and/or intention and its feedback owing to a lack of immediate reinforce ment would prevent instrumental learning in any context, even if auditory afferent input and cognitive processing is preserved. In CLIS, the complete social isolation means that any intended response or desire has no contingent consequence, so intentions are likely to extinguish at the cognitive and physiological level. Similarly, a lack of contingencies in instrumental learning is likely to lead to the extinction of goal-directed thinking and imagery.
This proposed explanation for the failure of instrumental learning in patients with CLIS is supported by animal model investigations that showed the anterior striatum region of the basal ganglia to be activated during instrumental brain control and BCI training, confirming that these regions have a critical role in reinforcement learning 91, 92, 93 . In one of these studies, rats were rewarded for simultaneous increases in the firing rate of particular cells in the motor cortex and decreases in the firing rate of adjacent neurons. The animals learnt to use neurofeedback to control the changes in firing rates, but blockade of the cortex-thalamus-striatum loop with NMDA receptor antagonists eliminated the learning and execution of the self-regulation 94 . The loss of instrumental contingencies in patients with CLIS could lead to a similar loss of cortex-thalamus-striatum loop activation that extinguishes goal-directed intentions that drive communication in a similar way. If this is the case, all training procedures based on instrumental learning and volitional attention, including the control of BCIs, would be ineffective owing to extinction and consequent loss of control 95, 96 . The only learning strategy that circumvents a lack of goal-directed thinking and movement is classical conditioning, which requires no volition or cognitive effort. The preservation of classical conditioning when instrumental learning is lost is demonstrated by experiments in rats treated with curare, which leaves them completely paralyzed and requiring artificial respiration, similar to patients with CLIS. These rats exhibited excellent classical learning of autonomic functions, but failed to learn instrumental control of physiological responses 94 . We argue that a classical conditioning paradigm could, therefore, provide a suitable learn ing paradigm to enable patients with CLIS to communicate. Indeed, such paradigms have been successful in sev eral studies of patients with CLIS as a result of ALS [97] [98] [99] . These experiments showed that, although classical conditioning paradigms seem to work, the EEG alone as the critical BCI signal could not be used reliably for successful communication.
The first case report of successful communication from a patient with CLIS as a result of ALS came from an experiment in which a BCI-based fNIRS was used with a classical conditioning paradigm 70 . The BCI was based on fNIRS, and enabled the patient to communicate yes and no responses to simple questions (that either had known answers or were open) over a period of >1 year 70 . In this approach, fNIRS was used to measure and classify cortical oxygenation and deoxygenation after presentation of each question. The classical conditioning paradigm meant that responses to questions were reflexive, making it easier to distinguish between yes and no responses that the patient was thinking.
The fNIRS-based BCI enabled the patient to communicate 72-100% correct answers over more than 14 consecutive sessions.
To validate the preliminary findings with the fNIRS BCI and refine the technology, extensive studies have been performed with four patients with CLIS as a result of ALS, using a BCI that uses a combination of NIRS and EEG. The NIRS-EEG BCI has enabled the four patients to respond to spoken questions via control of fronto-central brain oxygenation. (Chaudhary et al.,  unpublished work) . The patients learned to answer personal questions with known answers and open questions, all of which required a yes or no answer. If replicated in more patients with CLIS, these results could abolish complete locked-in states, at least in ALS. With satisfactory care at home, quality of life is acceptable even in advanced ALS [100] [101] [102] , so the ability to communicate could have a great impact on the quality of life for patients with CLIS.
Communication in brainstem stroke
As in ALS, brainstem stroke can lead to locked-in syndrome so that patients require assistance to communicate. To date, research into the application of BCIs for communication in patients with locked-in syndrome after brainstem stroke 103,104 is limited, but some studies do exist [105] [106] [107] . In one, the patient was trained to control her slow cortical potentials, but the study was terminated because she spontaneously regained some muscular control 105 . In another single-patient study, a P300 ERP-based BCI was used to train a patient to perform an on-screen task in which a ball was moved towards a target 106 . To date, only one successful study of BCIs for communication has involved two patients with locked-in syndrome after brainstem stroke 107 .
BCIs for movement rehabilitation
Current estimations suggest that >1% of the world's population are living with the effects of cerebrovascular events such as stroke. These conditions are often accompanied by a deterioration or loss of function that manifests as paralysis (for example, hemiplegia or locked-in syndrome), speech apraxia or cognitive deficits. 85% of all stroke survivors are affected by deficits of movement control [108] [109] [110] [111] , with a devastating effect on quality of life and ability to carry out activities of daily living. For this reason, the most common application of rehabilitative BCIs is in patients with stroke, and we focus on this application below.
Network reorganization after stroke
Many therapeutic strategies have been developed to help stroke patients regain some function, but many patients do not benefit from these approaches; estimates suggest that ~80% of all stroke survivors with upper limb motor deficits do not fully regain the function of the affected limb 112 . Consequently, alternative therapeutic approaches are needed, and the use of BCIs is one possibility.
BCIs that have been developed for stroke rehabilitation have been designed to manipulate the brain reorgani zation that is thought to occur after a stroke.
The present view of brain reorganization in chronic stroke is that overuse of the healthy contralesional hemisphere and underuse of the ipsilesional hemisphere leads to increased inhibition of the ipsilesional hemisphere by the contralesional hemisphere. This inhibition is thought to block excitatory reorganization of the intact ipsilesional areas and block recovery of the affected motor system 113 . This hypothesis is supported by the positive effects of constraint movement therapy 114 in chronic stroke and other motor and language disorders 115 . In this therapy, physical restraint of the healthy limb for an extended period of time forces the patient to use the paretic limb and increases excitatory neural activity in the lesioned hemisphere. The technique offers no clinical benefit for patients without residual movement 1 year after stroke 115 , but does still increase the flow of information from the contralesional hemisphere to the ipsilesional hemisphere 116 . In light of these findings, modern approaches to stroke rehabilitation have begun to focus on top-down rehabilitation for stroke recovery, with the aim of assisting or inducing the reorganization of neural circuits 117 . Examples of such methods include functional electrical stimulation, stem cell based therapies, pharmacological interventions and the use of BCIs 118, 119 .
BCIs and network-based rehabilitation
Patients with severe hemiparesis after stroke generally exhibit limited to no recovery in response to conventional treatment strategies 73 , but evidence suggests that BCIs could offer an effective rehabilitation strategy for patients with severe impairments. The learning of neuroprosthetic control has been shown to reshape cortical networks 120 and trigger large-scale modifications of the cortical network, even in perilesional areas 121 . The overall principle is thought to be that closing the loop between cortical activity (motor intention) and movement 73, 122, 123 -thereby producing afferent feedback activity -might restore functional corticospinal and corticomuscular connections.
In a double-blinded, controlled study, even patients with chronic stroke and severe upper limb impairment markedly improved as a result of proprioceptive BCI training (FIG. 2) (REF. 73 ). Over 20 sessions, patients learned to control a neuroprosthetic device fixed to their paretic limb by decreasing the power of the sensorimotor rhythm in the ipsilesional motor cortex. They were instructed to change their brain rhythm by attempting to move their paralyzed arm, even if no movement was possible. In the initial proof-of-concept study 116 , improvements did not generalize to everyday function outside the laboratory. Results of the follow-up study were more promising. In this study, patients received additional behavioural physiotherapy to facilitate the generalization of improvements, and received online proprioceptive feedback of brain oscillations; half of the participants received contingent reward feedback, whereas the other half received feedback of random brain activity. Marked improvements in motor function were seen in the patients that received contingent reward feedback, but not in the group that received random Nature Reviews | Neurology 73 . Furthermore, a consistent pattern of brain reorganization and connectivity changes was seen in the patients who improved, but not in the controls. The behavioural benefits remained stable during a 6-month follow-up period.
This study proved that use of BCIs can be effective in chronic stroke motor rehabilitation and demonstrated that cortical and subcortical reorganization (including functional and structural connectivity) in stroke patients without residual movement 73 is a consequence of BCI use. Subsequent controlled clinical studies have confirmed these results [124] [125] [126] and have combined the use of BCIs with noninvasive brain stimulation, such as transcranial direct current stimulation, with promising results 127 .
Future advances in rehabilitative BCIs
Most existing neural interfaces are used to control only the kinematics (velocity, acceleration, position) of paretic limb movement and not the kinetics (forces and torques) 128 . However, kinetics are essential for any functional movement required for specific skills, so the incorporation of kinetics into the decoding of brain activity via a BCI is needed. Use of brain control, such as neurofeedback learning, without involvement of the muscles -and consequently no kinetic control -might impede functional reorganization of the neural networks involved in functional visuomotor tasks, meaning that removal of the assistive technology results in the patient returning to their previous level of motor impairment. Therefore, a hybrid approach should Figure 2 | Use of a brain-computer interface in severe chronic stroke. EEG activity recorded over the motor perilesional area (top) is used to drive an exoskeleton attached to a patient's arm or hand (bottom right). The patients are instructed to try to move their limb, and if they produce a desynchronization of sensorimotor rhythm (SMR), their limb moves. In the bottom left spectograms, the red traces are example spectrograms of SMR power when at rest and the blue traces are example spectrograms of SMR power when attempting to move. The blue area of the bar represents desynchronization or low power, and the red area of the bar represents synchronization or high power. If the participant generates a trace like the grey one in the lower spectrogram, the intent to move is detected and the device moves their arm. If the trace is like the grey one in the upper spectrogram, no intent to move is detected, and the device does not move the arm. This contingent association between motor intention and the movement facilitates instrumental learning and rewiring of brain areas that are responsible for motor intention and execution. Permission obtained from John Wiley and Sons © Ramos-Murguialday, A. Ann. Neurol. 74, 100-108 (2013). be considered, in which residual muscle activity is related to the contingent connection between activity in the perilesional cortical areas and movement-related afferent feedback or passive movement of a prosthesis. Similarly, residual EMG activity can be detected in the paralyzed limbs of ~45% of patients with severe chronic stroke and can be used to decode movement intention 73 , so could be used to control rehabilitative robotic devices.
Further work is needed to overcome specific technical challenges associated with BCI learning and rehabilitation. For example, studies of BCI-based neuro rehabilitation have shown that neural plasticity is induced if the response latency relative to the user's intention is in the order of a few hundred milliseconds or less 129 . With longer time delays between the intention to move (detected as the neuroelectric signal) and the feedback from the movement, learning was less efficient. More work is needed to determine the optimal timings required to maximize learning.
A broader area that requires further investigation is rehabilitaton of the lower limbs. Upper-limb recovery has been investigated extensively, but approaches to lower-limb rehabilitation have been explored only relatively recently with BCIs to detect movement intention 130 . In this study, slow cortical potentials with a negative polarity were successfully used to detect preparation for movement of the lower limbs, indicating that slow cortical potentials could be used to drive a BCI for rehabilitation of leg movements after stroke.
In addition, we think that more demanding rehabilitation therapies are needed to increase the motivation and intensity of rehabilitative training. Videogames and virtual or augmented reality platforms should have an important role at this front.
We are aware of several ongoing clinical trials of BCIs for communication and rehabilitation in paralyzed patients (TABLE 1) . Several of these trials are based on BCIs to control body actuators, such as exoskeletons and functional electrical stimulation, and we are convinced that data gathered in the coming years will help us to understand the functional neuroplastic mechanisms of BCI learning and, hopefully, motor recovery. There is a clear need for more randomized clinical trials of BCI-mediated stroke rehabilitation using multimodal imaging techniques.
BCIs for movement assistance
In addition to rehabilitation of movement after stroke, BCIs have the potential to provide assistance with movement in patients who are paralyzed as a result of ALS, stroke or spinal cord injury. A number of studies have been conducted in these contexts, using both invasive and noninvasive BCI systems.
Paralysis in ALS
Several studies have used an invasive BCI to enable patients with ALS to control a robotic hand. In one of these studies, an implanted microelectrode array provided patients with an astonishing range of performance: the patients were able to perform reach and grasp movements in three dimensions 25 . However, although neither of the two patients in this study could speak, both were in possession of head and minimal arm movements, and one did not need artificial ventilation during the night, so the benefits to patients with more severe paralysis are unclear. Another study in which an invasive BCI was used provided patients with even more complex movement control 131 .
Spinal cord injury
Assistive BCIs offer great potential for patients with spinal cord injury. Currently, ~330,000 people in Europe are survivors of SCI, and ~11,000 new injuries occur each year 132, 133 . Prevalence in the USA is similar, according to the National Spinal Cord Injury Statistical Center 2016. For these patients, the aim of BCIs is to provide assistive technologies that enable them to communicate and/or control body actuators, such as a robotic arm, a wheelchair or functional electrical stimulation. The spinal cord system exhibits considerable plasticity in instrumental and classical learning procedures 134 , which enables flexible adaptation of the spinal neurons to changing environmental conditions, and BCIs have the potential to act as an associative bridge between intention and skilled motor action in a similar way to that described above for stroke rehabilitation.
Only ~5% of studies of BCIs for spinal cord injury have involved end users, but evidence has shown that online use of invasive or noninvasive BCIs can be used by patients with spinal cord injury to control on-screen cursors, move external devices or directly control the upper or lower limbs 18, 25, 122, 131, [134] [135] [136] [137] [138] . The first proof-of-concept experiments demonstrated that patients had the ability to control their brain activity after a spinal cord injury 18, 135 ; patients learned to control an artificial output and control a computer via a cursor and 'click' control to communicate.
Subsequent studies have demonstrated that online brain control of functional electric stimulation is possible for patients with spinal cord injury using invasive and noninvasive techniques for control of the upper limbs 136, 139 and only noninvasive techniques for control of the lower limbs 140 . In these studies, a functional electric stimulation sequence that was preprogrammed to provoke functional movements of the paralyzed limbs was activated via the BCI. This so-called trigger approach exploited sensorimotor rhythms to detect the patient´s intention to move, which triggered stimulation and consequent contraction of muscles in the paralyzed limb. In this paradigm, patients must wait until the stimulation sequence has finished and the EEG recordings return to baseline to be able to control the functional electric stimulation again, so the approach is very limited for everyday use.
Invasive and noninvasive BCI systems have also been used to enable neural control of a robotic arm 25, 131, 135, 141 . Approaches that used noninvasive systems provided limited control, and most complex movement relied on the artificial intelligence of the robot. However, use of implantable electrodes allowed patients to control movement with several degrees of freedom, enabling them to make more complex and functional movements.
Finally, patients with spinal cord injuries have been able to control a wheelchair with a noninvasive EEGbased BCI 137 . For patients with severe paralysis, this system has the potential to provide patients a new way of controlling their wheelchair, but the EEG signal is currently too unreliable to be used as the only control signal for any assistive device.
All of these approaches to assistive technology for patients with spinal cord injury have aimed to provide patients with control of their paralyzed limbs. However, the possibility that similar systems could bring about neuroplastic changes that contribute to functional rehabilitation remains open, and the technologies described in combination with existing pharmacological and neuro stimulation interventions 142, 143 could hold the key to motor recovery after spinal cord injury.
Conclusions and future perspectives
At present, the data on the use of BCIs to enable communication for patients who are completely paralyzed are limited, and clinically applicable BCIs have only recently become available for patients with CLIS as a result of ALS. Invasive and noninvasive BCIs that use more than one type of brain signal have considerable potential, because no alternative exists for communication in CLIS and no alternative to BCIs will exist in the foreseeable future. Of the utmost clinical importance is the extension of the promising results in patients with ALS or subcortical stroke to patients with varying degrees of traumatic 144, 145 and neurodegenerative brain damage and generalization to patients with disorders of consciousness 146, 147 , such as minimal conscious state 148 ; the combined BCIs offer a good chance of at least minimal social interaction and communication in these patient groups. Still unclear, however, is which subgroups of patients with brain damage and/or minimal conscious state would benefit from a BCI. Diagnostic criteria for MCS, vegetative state and CLIS lack specificity and do not allow clear differentiation between these disorders, so only studies of BCIs in large patient groups will enable definite conclusions to be reached about the value of BCIs in specific patient subsets.
For severe chronic stroke without residual hand move ment, noninvasive neuroelectric-based BCI training combined with physiotherapy to facilitate generalization to everyday life is a promising and economically feasible option. However, an increase in the degrees of freedom provided in motor restoration (and probably neuronal plasticity and recovery at a cellular level) in chronic stroke and SCI, will require an invasive approach with implanted, wireless electrode arrays that are permanently connected to peripheral neuroprosthetic devices, exoskeletons and functional electric stimulation devices at the cortical, spinal and/or neuromuscular levels. In summary, over the relatively short period of two decades, clinical research into BCIs has provided us with extremely promising strategies to improve the prospects for patients with otherwise debilitating neurological disorder s that are currently difficult or impossible to treat.
